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Silicon carbide photoconductive switch for high-power, linear-mode
operations through sub-band-gap triggering
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The analysis of a 6H silicon carbide (SiC) photoconductive switch, designed and packaged for
high-power, linear-mode operations, is presented. The switch, fabricated from semi-insulating
compensated SiC, is triggered by an optical source with photon energy less than the band-gap
energy. Simulation models incorporating the effects of vanadium trap and nitrogen dopant in the
compensation material show -V characteristics that agree with measured values. The
photoconductive switch has improved rise-time characteristics as compared to a gallium arsenide
(GaAs) switch. The analysis also shows that improved performance at high power is possible
through passivation using high-permittivity dielectric near the contact-semiconductor interface and
by placing a p* layer next to the cathode. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2126158]

I. INTRODUCTION

In pulsed power systems, the power conditioning system
performs such basic functions as storage, scaling, and
switching. The performance of the switches used in generat-
ing the output pulse influences the volume and energy den-
sity of the system. The fundamental limitations on the system
volume are determined by the maximum energy density of
the dielectrics used for energy storage and the compactness
of the switches employed in pulse shaping and scaling
functions. A short-pulse-power delivery system, for ex-
ample, can utilize a photoconductive semiconductor switch
(PCSS) as the switching element.” When used in a stacked
Blumlein line (SBL) configuration, a one-to-one correlation
must exist between the closing jitter and the rise time of the
photoconductive switch.?

Both Si and GaAs have been used as PCSS material for
high-power applications. Because of its superior electrical
characteristics, GaAs is preferred over Si in most pulse-
power generation circuitry.4’5 However, when operated at a
high repetition rate at sustained high power, GaAs switches
are limited by poor thermal conductivity and are susceptible
to failure either through premature breakdown or burnout.*’
When photoconductive switches are operated in the nonlin-
ear mode, filamentary conduction and charge trapping result
in contact and bulk material damages.8 Linear-mode opera-
tion, in which the current is distributed over a large cross
section, is an alternate approach to switch design for high-
power operation. In any high-power system, the PCSS mate-
rial must meet the rigorous requirements of high fields, large
current densities, and high thermal conductivity.

High-resistivity SiC with high breakdown field, large
thermal conductivity and stability, a wide energy band gap,
mechanical robustness, and a reasonable electron saturation
velocity is a potentially better PCSS material than GaAs. SiC
can be operated in the linear photoconductive mode and un-
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der extreme operating conditions and yet delivers high
power.9’10 The picosecond jitter associated with linear photo-
conductive switches is also an advantage.1 Thus this study
was conducted to study and characterize high-resistivity SiC
as a PCSS material for high-power applications.

This research was conducted in collaboration with the
Lawrence Livermore National Laboratory (LLNL), where
most of the switches are being fabricated. We specifically
look into the material characteristics, carrier transport
mechanisms, and possible design changes in the PCSS to
optimize its performance. In addition, we have investigated
the compensation mechanisms that result in high-resistivity
semi-insulating 6H-SiC. This discussion is followed by a
brief description of the PCSS, experimental setup, and I-V
measurements. We detail the simulation setup and analysis in
Secs. III and IV, respectively, and conclude in Sec. V.

Il. COMPENSATION MECHANISMS IN 6H-SIC

The evaluated and analyzed PCSS’s are fabricated from
6H-SiC semi-insulating materials that are grown through the
compensation process. Compensation results when the ion-
ized donor and acceptor densities effectively cancel each
other such that the net density of free carriers in the semi-
conductor is very small. Two types of compensation struc-
tures have been investigated: (1) deep trap donor levels com-
pensated by shallow level dopants, termed as the DDSA
structure, and (2) shallow donor dopants compensated by
deep acceptor levels, termed as the SDDA structure. At room
temperature the shallow dopant level is completely ionized
and the deep traps are partially ionized, which make the ma-
terial semi-insulating. In 6H-SiC the two deep trap levels,
both acceptors and donors are formed by vanadium. The
V3*/V# acceptor trap level is present at 0.74 eV from the
conduction band'' and a deep donor trap level (V#/V3*) is
present at 1.6 eV, close to the middle of the band gap.12 Deep
levels other than vanadiurn,13 because of their low concen-
tration, are usually not used in the analysis. The shallow
dopant that is compensated is nitrogen or boron. Nitrogen is
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FIG. 1. Switch geometry.

absorbed at porous graphite parts and boron is inherently
present in crucible material.'*'> Thus, the material is classi-
fied as shallow donor-deep acceptor (SDDA, V3*/V* com-
pensated with nitrogen) or deep donor shallow acceptor
(DDSA, V*/V3* compensated with boron) type.

Nitrogen in the SDDA-type 6H-SiC is located at E¢
—0.081,E-—-0.138, and E--0.142 eV from the conduction
band and is completely ionized at room temperature.16 The
acceptor level is a hole trap. It is neutral when empty and
negatively charged when filled. Thus an acceptorlike trap is
negatively charged and may emit an electron. This explains
the location of the acceptorlike trap from the conduction
band. In the DDSA SiC, vanadium is compensated by boron
at Ey+0.3 from the valence band.'? The donor level is an
electron trap. It is positive when empty and neutral when
filled. The PCSS used in this analysis is the SDDA type and
the device configuration is shown in Fig. 1. The length and
the width of the device are 1.2X 1.2 cm? and is approxi-
mately 350-400 um in depth. The radius of contact curva-
ture is 0.2 cm. The contact leaves the 6H-SiC slab around 0.4
cm from the center of the switch. The nickel silicide contacts
have a resistivity of about 1X 1073 () cm."” The actual con-
tacts are made up of NiSi,/Ti/Pt/Au/Cu layers with thick-
nesses of 200/200/100/100/500 nm, respectively. The SiC
component of the PCSS in Fig. 1 can be seen as the small
rectangular disk in the middle of the contacts. A high-voltage
power supply is connected in series with a 10 M) resis-
tance, a switch under test, and a picoammeter. The 10 M)
resistor is used to limit the current through the switch in case
of breakdown. Kiethley 6485 picoammeter has a least count
of 1 FA. A Tektronix P6015A high-voltage probe with an
input resistance of 100 M) is used to measure the voltage
across the switch and the measurement is read out on a Tek-
tronix DTS 7404 digital phosphor oscilloscope. Following
initial dc /-V tests and material characterization, the devices
are expected to be tested for high-power pulse mode.

lll. SIMULATION SETUP: MATERIAL AND MODEL
PARAMETERS

High-resistivity compensated semiconductors with high
trap densities have conduction characteristics that are similar
to “lifetime” materials as opposed to intrinsic “relaxation”
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materials."® Simulations therefore involve the solution of the
basic semiconductor continuity and Poisson’s equations
shown below. The generation and recombination terms, how-
ever, are defined through traps and dopant parameters that
are inherent to the material,

on 1 .
—=-divJ,+G,-R,, (1)
at  q
op 1.
Ezc_]d1VJP+Gp_Rp’ (2)
J,=qnu,E,+qD,V n, (3)
]p:qupEp_quVP, (4)
dE ¢q
E 40 pen. (5)
dx €

Here ¢ is the magnitude of the charge on an electron
(1.6X 107" C), n and p are the electron and hole concentra-
tions, respectively, J, and J, are the electron and hole current
densities, G, and G, are the generation rates of electron and
holes, R, and R, are the recombination rates for electrons
and holes, u, and w, are the hole and electron mobilities,
and D, and D, are the electron and hole diffusivities, respec-
tively. Models emphasizing physical parameters such as trap
level, its density of states, energy states and their cross sec-
tions along with Shockley-Read-Hall (SRH) and Auger re-
combination models, concentration- and field-dependent mo-
bility models, and impact ionization are also considered and
solved analytically. These parameters influence carrier life-
times, pulse decay, diffusion, and the Debye length. In fact,
the trap concentration level and its influence in the Debye
length have a major influence in making a high-resistivity
compensated material behave like a lifetime semiconductor,
as detailed in Ref. 18.

For compensated materials, additional equations and
models are required to compute the densities of the trapped
carriers that relate to the generation and recombination terms
in Egs. (1) and (2) presented above. These models use
electron- and hole-capture cross sections, density of trap cen-
ters, degeneracy of the electron and hole trap centers, and the
Fermi-level position for computation. The models thus incor-
porate the physics associated with charge exchange with the
conduction and valance bands, changes in space-charge den-
sity, and recombination statistics in the solution. The densi-
ties of trapped carriers at a trap center for respective carrier
types are given by Eqs. (6) and (7),"

k
n= > ns, (6)
a=1
pi= 2, (7)
B=1

where k=number of acceptorlike traps and m=number of
donorlike traps. n® and p” are defined as
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where g;=intrinsic Fermi-level position, y=degeneracy fac-
tor of the trap level, V, and V,=thermal velocities, o, and
o,=carrier capture cross sections, N;, and Ny=density of
trap centers, and g,=energy level of the discrete trap state.
Subscripts n and p are used for electrons and holes, respec-
tively.

To account for the effects of trapped charge, an addi-
tional charge term is assigned to the right-hand side of Pois-
son’s Eq. (5). This charge term is equal to the difference in
the densities of the trapped carriers multiplied by the elec-
tronic charge. The recombination models in Egs. (1) and (2)
also need modification with a correction term that accounts
for trapping and detrapping effects. The transient solution
needs to account for trap density changes over time through
the solution of additional trap rate equations.

IV. SIMULATION RESULTS AND DISCUSSIONS

In the simulation process, a reasonable match of the
measured and simulated /-V characteristics ensures that the
right material has been used in the analysis. Measured mate-
rial parameters are therefore very essential as simulation in-
puts. However, it is not always possible to get all the neces-
sary material parameters. It is mainly because some
parameters vary from one batch to another and also between
vendors (who usually do not volunteer information on trap
levels, cross sections, etc.). Some of the material data used in
the simulations were provided by the vendor,” while the trap
energy level and cross sections were taken from Ref. 11. No
information on compensation ratio (defined later) was avail-
able and its value was therefore adjusted to match the experi-
mental /-V. The switch resistance prior to the testing was
around 65 M. Considering an area of 1.44 cm? and 0.04
cm switch length, the calculated resistivity value (~2
%X 10° Q) cm) is consistent with the vendor information.”

The PCSS model simulated with SILVACO™ codes is
shown in Fig. 1. A two-dimensional (2D) device with re-
duced number of mesh points (~8000) was used for simula-
tions rather than a three-dimensional (3D) setup with 96 000
mesh points. The 2D setup reduces the simulation time con-
siderably without affecting the overall accuracy of the results
sought in the analysis. A 200-um-thick nickel silicide, which
is in intimate contact with SiC, was used as the contact ma-
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FIG. 2. Experimental and simulated /-V characteristics.

terial for simulations. Other contact materials that are depos-
ited on top of the silicide layer are not expected to affect the
injection mechanism in the device and hence are neglected in
the simulation. Figure 2 shows the measured and simulated
I-V for the device. The simulated /-V was obtained as fol-
lows.

The concentration of nitrogen dopant, as supplied by the
vendor, was found to be (2-7) X 10"/cm?. Vanadium trap
concentration was increased in steps to get a compensation
ratio that matches with the measured I-V (Fig. 3). A good
match was possible for vanadium concentration of 2
X 10%/cm?, which gives a compensation ratio of 10. Since
there are two trap levels present in the semi-insulating
6H-SiC,"" simulations were also carried out with two traps
and also with each individual trap present in the material.
The best correlation with the measured I-V characteristics
was possible with one single trap level at E-—0.74 eV (2.28
eV). This level is assumed to be the dominant trap level and
is used in the subsequent simulations. The dominance of the
single trap level is due to its proximity to the Fermi level as
discussed below.

In trap-dominated materials, the trap energy level, its
density, and capture cross sections also affect the material
parameters and its charge conduction characteristic. Affected
material parameters include the location of the Fermi level
(Er) which determines whether a trap level (E,) is shallow or
deep. For a shallow trap, Ey. lies below the trap level and for
a deep trap, E lies above E,. The location of the Fermi level
in the bulk of the semi-insulating region is determined from
space-charge neutrality requirements. Since the position of
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FIG. 3. Effect of compensation ratio on the slope of the I-V characteristics.
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the Fermi level can be influenced by any of the impurity
levels, as well as the free-carrier densities, the conditions for
the space-charge neutrality for a compensated material be-
come more difficult to isolate. For compensated materials
that include traps and donor/acceptor levels, the Fermi level
also changes and influences the conduction process. For the
SDDA material under consideration, the Fermi-level position
can be set as shown in Eq. (14),”!

EF’S,=Eda—KBTlngda—kBTln(m— 1), (14)

where m=(Ny,/Ny) Nyg,=density of the deep acceptor level
(cm™), Ny=density of the shallow donor level (cm™),
gdaa=o0ccupancy of the deep acceptor level, Ep=Fermi energy
level (eV), Eg=deep acceptor energy level (eV),
kz=Boltzmann’s constant, and T=temperature (K). This is in
contrast to the Fermi-level equation for intrinsic material that
does not depend on the compensation ratio m. A typical
Shockley plot, prior to laser application in the active region
of the PCSS, is shown in Fig. 4 for a compensation ratio of
10. At the onset of the conduction process, the Fermi level
tends to move up/down as more and more trap levels are
filled and the compensation ratio changes. On the other hand,
the free-carrier densities have little or no impact on the po-
sition of the Fermi level, which is a characteristic and desir-
able feature of the semi-insulating material. The plot shows a
Fermi level at 0.833 eV from the conduction band (2.187 eV
from the valence band). Since the intrinsic energy level is
located at 1.511 eV from the valence band, the material is n
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FIG. 5. Simulated I-V till breakdown.
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FIG. 6. Lateral mismatch between the contact layers causing damage to
the SiC.

type. Such traps sites, also classified as acceptors (0/-), will
influence the conduction process. The Shockley plots are
consistent with the plots based on similar equations for com-
pensated SDDA GaAs.”! Here, as the compensation ratio in-
creases, the Fermi level moves down and is in agreement
with the observations of Bickermann ef al.”

With the device material type verified for simulations,
breakdown analysis and high-power design changes were
also studied. The initial dc tests of the switch at LLNL indi-
cated early breakdown around 15 kV. Figure 5 shows the
simulated /-V characteristics at high applied voltages. The
electric field and trap occupancy were closely observed as
the bias increased which shows a breakdown at 24 kV. The
experimental breakdown at 15 kV has been attributed to a
lateral mismatch in the contact layer (Fig. 6). While trap
occupancy was limited to the bulk region, high field regions
are observed close to the anode increasing the impact ioniza-
tion rate as shown in Fig. 7, which ultimately leads to break-
down. A comparative study shows that the SiC PCSS fares
better in high-blocking-voltage operation.

A GaAs switch studied earlier with a distance of 0.25 cm
between the contacts has a simulated breakdown voltage of
34 kV.° In the case of the SiC PCSS an improvement in the
breakdown field is obvious, since the distance between the
contacts is 0.04 cm with a breakdown voltage of 24 kV. It is
expected that with pulse charging, rather than dc charging,
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FIG. 7. Impact ionization profile with and without the epilayer at the cath-
ode at 24 kV.
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FIG. 8. (Color online) Effect of high k on the electric field at the surface.

the measured breakdown value will improve further. A simu-
lation of DDSA GaAs with the SiC contact distance results
in a breakdown voltage of 5 kV.

Like Si PCSS, improvement in the premature breakdown
is possible with proper surface passivation and beveling the
device edges.23 We have also investigated the use of high-
permittivity (high-k) passivation material for improving the
surface dielectric strength and a possible improvement in
early breakdown. The effect of high-k material and its effect
on the electric fields in the separation region between the
semiconductor and the contact are simulated and are shown
in Fig. 8 for a 20 kV bias. By having passivation layers with
increasing permittivity values, it was determined that the
electric field generated in the gaps is reduced by an order of
magnitude with a permittivity of 25 as compared with
vacuum. This is because the electrostatic boundary condi-
tions between dielectric interfaces dictate that a reduction in
electric field is possible if the permittivity is high and the
charge density at the interface is low. A good bond at the
interface reduces the charge density and so does the use of a
high-permittivity material. It is expected that such a configu-
ration will enable device operation at higher bias without
damage to the contacts as well as reduce arcing between the
electrodes, thus preventing premature breakdown.

The use of n* layer to inhibit the electron injection until
higher bias voltages, which improves the hold off voltage of
the device, has been previously shown.” For the PCSS under
study a p*-Si (SDDA) 6H-SiC junction has similar effect.
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FIG. 9. Improvement in the hold off voltage due to the p* layer at the
cathode.

This is because the device material is n type and thus a
p*-n junction is formed. The field lines for this junction are
opposite to the externally applied electric field which results
in carrier injection at a higher bias, which also limits the
effect of impact ionization. An improvement in the break-
down characteristics can therefore occur.

A comparison of the device I-V with and without the p*
layer at the cathode is shown in Fig. 9. Figure 7 (explained
earlier) shows the impact rate at 24 kV with and without the
epilayer at the cathode. As can be seen from the plot, the
impact rate is restricted to very low values by the use of the
epilayer. This structure results in a large improvement in the
hold off voltage for 6H-SiC PCSS with a p* layer at the
cathode over an earlier GaAs design (Ref. 5). The improved
blocking voltage characteristic with the p* layer is shown in
Fig. 10.

For DDSA GaAs the EL2 level has an electron lifetime
of 0.5 ns.?! For SDDA SiC the lifetime of the V3*/V** level
is five times higher, as calculated from the capture cross
section, density of states, and maximum thermal velocity.
Hence for the same switch geometry, SDDA 6H-SiC will
give better rise time since the trapping detrapping will be
slower than GaAs, avoiding initial kinks in the pulse.5 In
fact, for the University of Missouri-Columbia. (UMC) geom-
etry, the distance between contacts is shorter for the SiC
PCSS; the transit time between the electrodes is less, thus

110
_wiwo? | GaAs (n" layer at cathode)
< New Mexico Switch Disign
F -4
g 8x10™”
ox107* |
4x10™ |
. 6H SiC (p * layer at cathode)
2x10° UMC Switch Design
0

0 x10°  210°  3x10°  4x10°  sx10°  ext0®
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FIG. 10. Comparison of the UMC geometry /-V characteristics to the New

Mexico switch design.
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improving the rise time further. As a result, more energy can
be transferred to the load in the SiC PCSS, as compared to
GaAs.

V. CONCLUSION

Semi-insulating compensated SiC has been investigated
as the working material in a linear, extrinsic photoconductive
switch with a geometry. The geometry and package as well
as the underlying physics have been analyzed for high-power
operation in the linear mode. The dc I-V characteristics of
PCSS were used to calibrate the simulations and the simula-
tions were adjusted to determine the material composition.
The matching of experimental and simulated /-V character-
istics ensures proper material identification. Two types of
compensation structures were investigated and the role of
traps in the compensated material correlated with experimen-
tal results. A method of increasing the high field breakdown
for better rise time and to avoid surface flashover was inves-
tigated using high-K dielectric as passivation material in the
region where the electrodes separate from the bulk switch
material. Reduction in electron injection was devised
through modeling of the device physics that increases the
blocking voltage of the material. Simulations show that an
increase in breakdown performance is achieved by placing a
p* layer next to the cathode. Simulations also show that the
6H-SiC has better rise-time characteristics as compared to an
earlier GaAs PCSS.
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